We have studied the direct measurements of CP violation in the neutrino oscillations: the difference of the transition probabilities between CP -conjugate channels in the long baseline accelerator experiments. In those experiments, the CP violating effect is not suppressed if the highest neutrino mass scale is taken to be 1 ∼ 10eV, which is appropriate for the cosmological hot dark matter. The upper bounds of CP violation have been caluculated for three cases, in which mixings are constrained by the recent short baseline ones. The caluculated upper bounds are larger than 10 −2 , which will be observable in the long baseline accelerator experiments. The new reactor disappearance experiments will provide severer bounds of CP violation in the near future.
Introduction
The origin of CP violation is still an open problem in particle physics. In the quark sector, CP violation has been intensively studied in the KM standard model [1] . In this model, CP violation of the lepton sector is also expected unless the neutrinos are massless. In particular, CP violation in the neutrino flavor oscillations is an important phenomenon because it relates directly to the CP violating phase parameter in the mixing matrix for the massive neutrinos [2] . Unfortunately, the CP violating effect is suppressed in the short baseline accelerator experiments if the neurinos have the hierarchical mass spectrum. However, this suppression is avoidable in the long baseline accelerator experiments, which are expected to operate in the near future [3] . So one has a chance to observe the CP violating effect in those experiments.
The recent indications of a deficit in the ν µ flux of the atomospheric neutrinos [4] - [6] has renewed interest in using accelerator neutrinos to perform the long baseline neutrino oscillation experiments. Many possibilities of experiments have been discussed [3] . The purpose of this paper is to present the numerical study of CP violation in those accelerator experiments.
There are only two hierarchical mass difference scales ∆m 2 in the three-flavor mixing scheme without introducing sterile neutrinos. If the highest neutrino mass scale is taken to be 1 ∼ 10eV, which is appropriate for the cosmological hot dark matter [7] , the other mass scale is either the atomospheric neutrino mass scale ∆m 2 ≃ 10 −2 eV
2
[4]- [6] or the solar neutrino one ∆m 2 ≃ 10 −5 ∼ 10 −6 eV 2 [8] . Since the long baseline experiments correspond to the atomospheric neutrino mass scale, we discard the solar one in this paper. The CP violation effect including the solar neutrino mass scale will be discussed elsewhere.
CP Violation in Neutrino Flavor Oscillations
The amplitude of ν α → ν β transition with the neutrino energy E after traversing the distance L can be written as
where ∆m
j is defined, and U αi denote the elements of the 3 × 3 neutrino flavor mixing matrix, in which α and i refer to the flavor eigenstate and the mass eigenstate, respectively. The amplitude A(ν α → ν β ) is given by the complex conjugate terms of the right hand side in eq. (1) . The direct measurements of CP violation are the differences of the transition probabilities between CP -conjugate channels [2] :
where
with ∆m
CP is defined for the rephasing invariant quantity of CP violation in the neutrino mass matrix as well as the one in the quark sector [9] . In terms of the standard parametrization of the mixing matrix [10] , we have
where φ is the CP violating phase. The oscillatory terms are periodic in L/E and
For the neutrino masses, two typical hierarchical relations ∆m is usually taken to be m 3 = 1 ∼ 10eV, which is appropriate for the cosmological hot dark matter [7] . Recently, there are significant short baseline accelerator experiments [11] - [13] , in which the value of L/E is fixed for each one. For example, L = 30m and E = 36 ∼ 60MeV are taken for the ν µ → ν e experiment at LSND [11] and L = 800m
and E = 30GeV for the ν µ → ν τ experiment at CHORUS and MOMAD [13] . 
Non-Suppression of CP Violation in Long Baseline Accelerator Experiments
The long baseline accelerator experiments are planed to operate in the near future [3] .
The for the absolute value of the transition probability P (ν α → ν β ) at those experiments, by dashed curves in fig.1 .
Fig. 1(a) and (b)
As seen in fig.1 (a), the absolute value of S CP is almost maximum at E ≃ 1GeV.
However, it depends on the atomospheric neutrino mass scale ∆m 
Constraints of Mixings from Present Reactor and Accelerator Data
Analyses of the three flavor neutrino oscillation have been presented recently [14] - [16] .
In particular, the quantitative results by Bilenky et al. [15] and Fogli, Lisi and Scioscia [16] are the useful guide for getting constraints of neutrino mixings. The upper bound of J ν CP is estimated by using these constraints.
Let us begin with discussing constraints from the reactor and accelerator disappearance experiments. Since no indications in favor of neutrino oscillations were found in these experiments, we only get the allowed regions in (U Bugey reactor experiment [17] and CDHS [18] and CCFR [19] accelerator experiments
give bounds for the neutrino mixing parameters at the fixed value of ∆m 2 31 . We follow the analyses given by Bilenky et al. [15] .
Since the CP violating effect can be neglected in those short baseline experiments as discussed in section 3, we use the following formula without CP violation for the probability in the disappearance experiments:
where i=1 or 3 corresponding to hierarchy I or II. The mixing parameters can be expressed in terms of the oscillation probabilities as [15] 
with
where α = e or µ and i = 1 or 3. Therefore the parameters U 2 αi at the fixed value of ∆m 2 31 should satisfy one of the following inequalities:
The negative results of Bugey [17] , CDHS [18] and CCFR [19] experiments have given the values of a (±) e and a
µ , which were presented in ref. [15] and [20] .
It is noticed from eq. (8) there are three allowed regions of |U ei | 2 and |U µi | 2 as follows:
where i = 1(hierarchy I) or 3(hierarchy II). In addition to these constraints, we should take account of the constraints by E531 [21] and E776 [22] experimental data. These constraints often become severer than the ones of the disappearance experiments as discussed in the next section.
Upper Bound of J ν CP
The CP violating measure J ν CP defined in eq. (4) is also expressed as
This formula is rather suitable for hierarchy II since the experimental constraints are directly given for |U e3 | and |U µ3 | as seen in eq. (9) . For hierarchy I, the constraints for |U e3 | and |U µ3 | are indirectly given by using unitarity of the mixing matrix. We discuss the upper bound of J ν CP in six cases: cases (A), (B) and (C) with hierarchy I or II. At first, we study the cases with hierarchy II since those are easier for us to estimate J ν CP than the cases with hierarchy I.
The mixing matrix with hierarchy II is written for case (A) as
where ǫ i (i = 1 ∼ 4) are tiny numbers. Then J ν CP is given by
where the sign of equality is obtained at ǫ 3 = ǫ 4 with sin φ = 1. Here ǫ 3 is bounded by E776 ν µ → ν e experiment [22] and ǫ 4 is given by unitarity. The product ǫ 1 ǫ 2 is bounded by unitarity such as
Thus the upper bound of J ν CP is given only by a
e . In this case the atomospheric neutrino anomaly could be attributed to the ν µ → ν τ oscillation if
But, it is emphasized that the estimated J ν CP is independent of this condition.
For the case (B) with hierarchy II the mixing matrix is given as
We get the bound of J ν CP as follows:
where the sign of equality is obtained at |U e1 | = |U e2 | = 1/ √ 2 with sin φ = 1. Then the atomospheric neutrino anomaly could be solved by the large ν µ → ν e oscillation.
The bound of ǫ 1 is given by a (−) e in eq. (9) . On the other hand, ǫ 2 is bounded by E531 ν µ → ν τ experiment [21] since the relevant transition probabilities in the short baseline experiments are given for hierarchy II:
It may be useful to comment on the possibility of the atomospheric neutrino anomaly by the large ν µ → ν e oscillation. The reactor experiments at Bugey [17] is rather small such as sin 2 2θ eµ = 0.6 ∼ 0.7. Since the first long baseline reactor experiment CHOOZ [24] will soon give the severer constraint for the ν µ − ν e mixing, one can check the possibility of the atomospheric neutrino anomaly due to the large
In the case (C) with hierarchy II the mixing matrix is
Then we have
where the sign of equality is obtained at |U e1 | = |U e2 | = 1/ √ 2 with sin φ = 1. In this case the atomospheric neutrino anomaly cannot be solved by the large ν µ oscillation because both ǫ 2 and ǫ 3 are very small. Here ǫ 1 is bounded by E776 ν µ → ν e experiment [22] while ǫ 4 is by E531 ν µ → ν τ experiment [21] as seen in eq. (16).
Let us study the cases with hierarchy I, in which the relevant transition probabilities in the short baseline experiments are given instead of eq. (16) as follows:
For the case (A) with hierarchy I the mixing matrix is
Then J ν CP is given by
where the sign of equality is obtained at |U µ3 | = |U τ 3 | = 1/ √ 2 with sin φ = 1. The product ǫ 1 ǫ 2 is bounded by unitarity such as
Thus we get the same upper bound of J ν CP as the one in the case (A) with hierarchy II. As well as that case, the atomospheric neutrino anomaly could be attributed to the
For the case (B) with hierarchy I the mixing matrix is written as
Then we get
where the sign of equality is obtained at
This bound is not exact one in contrast with above other cases. As noticed easily, the maximum value depends on the value of ǫ 4 . We checked numerically that eq. (24) gives roughly the maximum value by using the present bound of ǫ 4 . The ǫ 1 is bounded by a (−) e in eq. (9) while ǫ 4 is bounded by unitarity such as
where ǫ 2 is bounded by E531 ν µ → ν τ experiment [21] . The upper bound of J ν CP is different from the one in the case (B) with hierarchy II. The atomospheric neutrino anomaly could be solved by the large ν µ → ν e oscillation.
For the case (C) with hierarchy I the mixing matrix is
This bound is also not exact one as well as the case (B) although it is roughly the maximum value. Here ǫ 1 is bounded by E776 ν µ → ν e experiment [22] . On the other hand, ǫ 3 is bounded by unitarity
where a (+) µ is given by the disappearance experiments as seen in eq. (9) . The upper bound of J ν CP is different from the one in the case (C) with hierarchy II.
Thus we obtain the upper bounds of J ν CP for six cases which are allowed by the present short baseline experiments.
Numerical Results of CP Violation
Now we can calculate the upper bound of ∆P ≡ P (ν µ → ν τ )−P (ν µ → ν τ ), which is the direct measurement of CP violation. Since the upper bounds of J This result is improved easily if the energy spectrum of the ν µ beam will be determined. Fig.2(b) corresponds to hierarchy II.
Fig. 2(a) and (b)
The loosest bound is given in the case (B) with hierarchy I, in which the bound is determined only by Bugey reactor disappearance experiment [17] . In this case the CP violating effect could be 10 −1 , which can be observed in KEK-SuperKamiokande experiment. Then the atomospheric neutrino anomaly is due to the large ν µ → ν e oscillation. The first long baseline reactor experiment CHOOZ [24] will soon test this possibility by presenting the severer constraint of the ν µ − ν e mixing.
The observation of the CP violating effect is not expected in the case (C) for both hierarchies since the upper bounds are around or below 10 −2 . In addition, the atomospheric neutrino anomaly could not be explained by the large neutrino mixing.
If the large ν µ → ν τ oscillation causes the atomospheric neutrino anomaly, the case (A) is prefered. The upper bound is around 0.04, which is same for both hierarchies.
Since this bound is determined only by the reactor disappearance experiments [17] , it will be improved by new disappearance experiments.
It is remarked that the estimated upper bounds of J In our analyses, we neglected the new experimental data given by LSND [11] . Even if we include them, our obtained bounds do not almost change.
Conclusions
We have studied the direct measurements of CP violation in the neutrino oscillations:
the difference of the transition probabilities between CP -conjugate channels in the long baseline accelerator experiments. In those experiments, the CP violating effect is not suppressed if the highest neutrino mass scale is taken to be 1 ∼ 10eV, which is appropriate for the cosmological hot dark matter. The upper bounds have been Here E = 0.9 ∼ 1.1GeV and L = 250Km are taken.
